Introduction:
Photonic crystal fibers (PCFs) have recently attracted much attention for applications in optical sensing. One very attractive feature of PCF is that dynamic modification of their guiding properties is possible by filling the micro-holes with substances whose refractive index can be tuned or influenced by external fields. Infiltration of liquid crystal (LC) materials into the microholes of the PCF has been extensively studied for various in-fiber tunable device applications [1] [2] [3] [4] [5] [6] . Infiltration of LC materials makes the PCF susceptible to external field variations, a property which can be utilized to fabricate all-fiber sensors for parameters such as temperature, magnetic fields and electric fields.
Conventional electric field sensors use antennas, conductive electrodes or metal connections and because of their metallic content are very likely to very often perturb the unknown field. Fiber optic sensors for voltage and electric field measurement are widely used in both electromagnetic compatibility measurements and in the electric power industry. Unlike their conventional counterparts, fiber optic based electric field sensing techniques minimally disturb the electric field and apart from the sensor head, the connecting fibers are inherently immune to electromagnetic interference [7] . They have several economic and performance advantages over conventional electrode based sensors, most importantly they can provide true dielectric isolation between the sensor and the interrogation system in the presence of very high electric fields or voltages. A wide variety of fiber optic based electric field sensing schemes have been proposed and reported to date. These are mostly based on electro-optical crystals employed either in bulk optics or free-space type configurations or in an integrated waveguide type configuration [8] [9] [10] [11] [12] .
However such schemes have a number of disadvantages such as high losses due to the presence of bulk optics, high coupling losses, costly integration with optical fiber, limited mechanical reliability and difficulties in mass production.
Small size, simple design and an all-fiber configuration with high measurement accuracy are major requirements for fiber based electric field sensors. A polarimetric sensing scheme with selectively LC infiltrated polarization maintaining PCF was demonstrated by the authors for electric field sensing [13] . The directional electric field sensitivity of the LC infiltrated PCF probe was also demonstrated by the authors [14] . In this paper we demonstrate for the first time the operation of an all-fiber electric field sensor based on a nematic liquid crystal (NLC) infiltrated solid core PCF which can be used in both end-point type and inline type sensor configurations. The active region of the sensor probe, as demonstrated here, is a less than 1 cm long nematic liquid crystal infiltrated section of a commercially available solid core photonic crystal fiber. The sensor can be operated in transmission mode as an in-line sensor but also in reflection mode allowing for the implementation of an end point sensor. Since the birefringence of the infiltrated fiber is susceptible to variations in an external electric field, the sensing mechanism is intrinsic to this type of structure. The lateral size of the sensor is ~ 125 microns which is the cladding diameter of the PCF, and therefore the sensing device is intrinsically very compact, lightweight and can be easily integrated with fiber optics. The sensor operates in the telecommunications window at an operating wavelength of 1550 nm. The transmission and reflection response with electric field intensity is studied at 1550 nm and is presented here. Both the transmitted and reflected power of the infiltrated PCF shows a linear response with changing electric field intensity. Due to the temperature dependence of the infiltrated nematic LC mixture, the performance of the device is prone to temperature variations, therefore the temperature dependence of the sensor is also studied here for a temperature range from 10°C to 90°C.
Theoretical Background:
Solid silica core PCFs usually transmit light through a modified total internal reflection (m-TIR) mechanism. Infiltration of high-index materials (> n silica ) such as liquid crystals causes the transmission mechanism to change from m-TIR to photonic bandgap guidance. On infiltration the holey cladding region of the PCF assumes the effective refractive index of the infiltrated LC material which is usually higher than that of the silica core region. Under these conditions the guiding properties of the PCF are primarily governed by the antiresonant reflection from multiple cladding layers and the transmission spectrum of the structure is determined by the refractive index contrast of the cladding layers [15] .
When the nematic LC infiltrated cladding region of the PCF is subjected to an electric field, the NLC molecules undergo reorientation which changes the effective refractive index of the cladding and allows for tuning of photonic bandgap transmission. For LC mixtures which create planar alignment within the holes of the PCF, the propagation through the PCF core is governed by the ordinary refractive index of the infiltrated NLC, in the absence of external field.
On the application of an electric field above the threshold referred to as the Frederiks transition threshold [16] the LC molecules undergo reorientation within the micro holes. In the case of a liquid crystal layer of thickness d, the threshold electric field E th for the LC reorientation is given
1/2 , where K 11 is the splay elastic constant for the nematic LC and ε ‫װ‬ , ε ┴ are the dielectric permittivities [17] . As a simple approximation and assuming planar anchoring conditions, the hole diameter of the PCF can be treated as the effective thickness of the LC layer with a planar geometry.
Below the threshold field the propagation properties of the structure are governed by the ordinary refractive index of the LC given the long range orientation order of the LC molecules, aligned along the axis of the fiber ( figure 1(a) ). Above the threshold the LC molecules reorient themselves along the direction of the applied field and the propagation is governed by the effective refractive index, which is partially set by the extraordinary refractive index of the NLC.
As the LC molecules begin to reorient under the action of the electric field, there is a loss in the uniformity of long range LC molecular alignment. With an increase in the applied electric field intensity, the formation of reverse tilted domains takes place which causes a loss in the LC long range orientation order. As a result the photonic bandgap condition for transmission in the operating wavelength range is disturbed as light is coupled into the cladding region. In effect there is a gradual decrease in the power transmitted through the core of the LC infiltrated PCF with an increase in the electric field intensity.
Experimental Details:
A. E-field sensor probe:
The sensor probe fabricated for this demonstration is a < To ensure effective core-to-core light coupling from SMF input fiber to PCF, a section of the PCF is spliced with a SMF-28 fiber using a standard fusion splicer [18] . The splicing conditions are optimized in order to ensure minimal air-hole collapse at the splice joint and also to provide sufficient mechanical strength for manual fiber handling. This is achieved by optimising the fusion current, fusion time and the number of re-arcs applied during the splicing. The coupling loss estimated after splicing was less than 2 dB for LMA-8 with SMF-28 fiber. The spectral response of the PCF in the wavelength range from 1500 to 1600 nm showed no interference pattern formation after splicing, which suggests that the splicing had not altered the endlessly The structure has a photonic bandgap transmission region in the telecommunications wavelength window. An insertion loss of < 3 dB is estimated for the NLC infiltrated PCF at 1550 nm. The reflected spectrum recorded in the wavelength range from 1500 to 1600 nm was found to be flat and the formation of interference patterns was not observed.
B. E-field Measurement Principle and Experimental Arrangement:
The electric field is applied to the infiltrated PCF by means of two electrodes positioned on diametrically opposite sides of the cladding at the infiltrated end of the PCF. In order to avoid any movement or shaking of the fiber on the application of electric field due to electrostriction effect, the infiltrated end within the electrodes is firmly glued to the electrode surfaces. The distance between the electrodes is equal to the cladding diameter of the PCF which is 125 microns. In this geometry the electric field is applied perpendicularly to the fiber axis. As mentioned above, the infiltrated PCF sample displays high transmittance over a broad range of wavelengths. The application of the external electric field above the threshold value causes decrease in the transmittance which could be used for measurement of the electric field intensity. The electric field is applied to the infiltrated PCF using a combination of a high voltage power supply 
Results and Discussion

A. Electric Field Intensity Measurements
A.1 Transmission response with electric field:
In this investigation a polarization controller is used to allow one to maximise the extinction ratio of the transmitted power at a high electric field when the infiltrated PCF becomes highly However the transmission response in figure 6 confirms that the sensor can be used for 50 Hz/60 Hz AC voltage and electric field sensing.
The performance and sensitivity of the device can be further enhanced by employing the sensor in a ratiometric power measurement scheme. The threshold effect of the infiltrated LC puts a limit on the lower measurable electric field intensity. Since the threshold field is inversely proportional to the hole diameter of the PCF, the use of a solid core PCF with larger hole diameter could reduce the threshold field for the device. Another viable solution for this could be the use of nematic LC mixtures which show a splayed alignment within the holes of the PCF [5] . Such LC mixtures do not show threshold effects and allow for continuous birefringence tuning of the infiltrated PCF from e-field intensities close to zero. Studies in this regard are in progress and will be the subject for a future publication.
A.2 Reflection response with electric field:
The reflected power response at 1550 nm with an increasing electric field (1 kHz) is as shown in figure 8 . The reflected power from the infiltrated PCF end interface is relatively low (~ 20 dB), due to the low reflectance from the air-silica interface (~ 4%). The response with a varying electric field is found to be similar to that of the transmission response for the infiltrated PCF.
Due to the expected low reflectance from the open PCF end the measured optical power was lower, leading to greater uncertainty in the measured values due to system noise. It should be noted that the use of the polarization controller in the reflection mode resulted in no change in the reflected power due the fact that the level of polarization maintenance in the reflection mode configuration is significantly lower than that in the transmission mode. Above the threshold field the reflected power decreases with an increasing electric field and the response is again found to be linear with the changing electric field. The linear sensing range is from ~ 2.35 kVrms/mm to ~5.14 kVrms/mm. The linearity of the reflected power with increasing electric field is depicted in figure 9 , shown with the linear fit. The linear fit for the plot provides an estimate of the sensitivity of the device in reflection mode as ~ 4.55 dB-mm/kVrms. Assuming an accuracy of 0.01 dB for the optical detector in the measurement system, the estimated resolution of the device operated in the reflection mode is ~ 2.2 Vrms/mm. The reduced sensitivity of the device in the reflection mode is due to the fact that unpolarized light is used and that the state of polarization is not maintained after reflection from the open ended PCF. In a reflective type configuration the infiltrated PCF can be used as an end point e-field sensor, which is an added advantage for the fabrication of sensors for e-field measurements in confined spaces. PCF in both transmitted and reflection modes. As expected the sensitivity of the device as a sensor for e-field intensity is higher in the case with the transmission mode. It is possible to increase reflected power using a reflective coating at the open end of the PCF, improving the sensitivity of the device in the reflection mode.
B. Temperature Dependence of NLC Infiltrated PCF:
It is well known that temperature dependence of the transmission properties of PCF is minimal.
However, the LC material used for infiltration has a temperature dependent refractive index [19] .
The temperature dependence of the infiltrated PCF was studied at the operating wavelength of 1550 nm in order to evaluate the effect of temperature on the device performance and sensitivity.
The infiltrated section of the fiber is kept at different temperatures using a Peltier module in the range from 10°C to 90°C and the electric field is varied. The transmission plots at different temperatures as obtained with change in electric field intensity in the range from 0 -6 kVrms/mm are shown in figure 10 . Figure 11 shows the plot as obtained for the reflection mode. As can be observed from the plots the sensor maintains its linear response in the electric field range from 2.35 kVrms/mm to 5.14 kVrms/mm. To evaluate the change in the sensitivity of the sensor with changes in temperature a linear fit was performed on the individual plots at each temperature for both the transmission and reflection modes in the linear electric field range from 2.35 kVrms/mm to 5.14 kVrms/mm. Figure 12 shows the sensitivity variation for the sensor in both reflection and transmission modes at different temperatures in the range from 10°C to 90°C.
The refractive indices (both n e & n o ) of the liquid crystal decrease with an increase in temperature up to the NLC isotropic temperature (clearing point), resulting in a decrease of the effective refractive index of the cladding. In the temperature range from 10°C to 40°C it can be observed that the change in the sensitivity is minimal, suggesting that the operation of the sensor is not influenced by temperature fluctuations in a range close to room temperature. At temperatures above the 40°C the slope, of the transmission plots with increasing electric field intensity, reduces and therefore the sensor sensitivity reduces for both operating modes. This is due to the fact that the effective refractive index of the cladding decreases at a lower rate with temperature for a temperature range from 10 °C to 40 °C, while above 40 °C the rate of decrease increases as the temperature approaches the clearing point (106 °C) of the NLC material used.
For the measurement of e-fields at room temperature, the sensor is influenced minimally by temperature change. For the temperature range from 40°C and up to 90°C there is significant change in the sensitivity of the sensor in both the transmitted mode and reflected mode but the response (transmitted & reflected) of the sensor maintains it's linearity in the measurable electric field range. To maintain accuracy across a broader range of operating temperatures, the sensor would need an associated means of temperature monitoring and correction.
Conclusions:
The application of nematic LC infiltrated solid core photonic crystal fiber as an all-fiber based 
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